Two essential components for telomerase enzymatic To better understand the requirements for telomerase-mediated telomere addition in vivo, we develactivity have been defined in a variety of organisms: a protein catalytic subunit with similarity to reverse tranoped an assay in S. cerevisiae that creates a chromosome end immediately adjacent to a short telomeric scriptase and an RNA component that provides the template for telomeric DNA addition (reviewed in Nugent DNA tract. The de novo end acts as a telomere: it is protected from degradation in a CDC13-dependent and Lundblad, 1998). In S. cerevisiae, the EST2 and TLC1 genes, respectively, encode these subunits (Singer and manner, telomeric sequences are added efficiently, and addition occurs at a faster rate in mutant strains Gottschling, 1994; Lingner et al., 1997b). Loss-of-function mutations in either of these genes, or their homologs that have long telomeres. Telomere addition was detected in M phase arrested cells, which permitted us in other organisms, lead to a progressive loss of telomeric sequence with each round of DNA replication, to determine that the essential DNA polymerases ␣ and ␦ and DNA primase were required. This indicates eventually resulting in a loss of cell proliferation (Singer and Gottschling, 1994; Lendvay et al., 1996; Lee et al., that telomeric DNA synthesis by telomerase is tightly coregulated with the production of the opposite 1998a). Thus, telomerase provides the primary pathway for maintaining telomeric DNA repeats at the end of strand. Such coordination prevents telomerase from generating excessively long single-stranded tails, the chromosome and for resolving the end replication problem in most eukaryotes. which may be deleterious to chromosome stability in S. cerevisiae.
Introduction steady-state length of telomeric DNA repeats at the end of the chromosome. However, the regulation of this reTelomeres are required to maintain the integrity of linear eukaryotic chromosomes. Acting as "caps" at the ends peat length is a dynamic process that includes other activities besides telomerase that act on telomeric DNA. of chromosomes, telomeres prevent end-to-end fusions between chromosomes and protect the end from activiIn most organisms, telomere length is heterogeneous within a population of cells but is maintained within a ties in the nucleus that can degrade the chromosome or inappropriately use it as a substrate for recombination given range. In the case of S. cerevisiae, most strains have a length of TG 1-3 repeats at the end of their chromo-(reviewed in Greider, 1996) . In most organisms, the DNA at the end of the chromosome is composed of a simple somes that varies between 225 and 375 bp (reviewed in . In this organism, over 25 genes affect tandemly repeated sequence that is organized with the 3Ј strand at the end of the chromosome being G rich telomere length in addition to EST2 and TLC1. Some of these gene products may help recruit telomerase to (e.g., human, T 2 AG 3 ; Tetrahymena, T 2 G 4 ; Saccharomyces cerevisiae, TG 1-3 ) (reviewed in Wellinger and Sen, 1997) .
the end of the chromosome (e.g., Cdc13p and Est1p) These sequences are absolutely required for capping (Nugent et (D) As in (C), except the strain UCC5705 (tlc1) was used. Two hours after the induction of the HO gene, 63% cutting by HO was observed. (E) The newly added telomeric sequence is resistant to mung bean nuclease treatment. Yeast genomic DNA was isolated from wild-type cells (UCC5706) as in (C). DNA samples were first digested with SpeI, and then treated with mung bean nuclease to assess the structure of the newly added telomeric DNA. A 100 nt single-stranded primer was added before nuclease treatment as a control for mung bean nuclease activity. Samples were run on a 1.2% agarose gel, and a Southern blot was probed with the ADE2 probe, which also recognizes the control primer (denoted by the open arrowhead). (F) Cells containing an epitope-tagged version of Est2p were arrested in G1 or M phase and tested for telomerase activity. Telomerase reactions were performed at 30ЊC for the times shown, and as expected, the activity was sensitive to RNAse. Relative telomerase activities for G1 and M phase extracts were calculated as described in Experimental Procedures. The amount of Est2p present in total cell extract did not differ between G1 and M phase (data not shown).
Thus, the telomerase-dependent elongation of the de the end, and the structure of the newly synthesized novo end appears to be regulated as a function of the telomeric DNA is largely double-stranded. cell cycle, does not require extensive degradation of Telomere addition may not have been detected at G1 in the cell cycle because telomerase activity was not present in the cell during this particular period. To test arrested cells ( Figure 1F ). Interestingly, cells arrested in to 3Ј degradation that initiates at chromosome ends (Garvik et al., 1995). We tested whether CDC13 was G1 also possessed telomerase activity ( Figure 1F cess of telomere addition, since single-stranded degra-A critical function of telomeres is to protect the ends of dation was not detected in a tlc1 strain ( Figure 1D , the chromosomes from degradation. As an additional test de novo end band is maintained; data not shown). Thus, that it was acting as a telomere, the TG 1-3 /HO end was like a native telomere, the TG 1-3 /HO end used by teloexamined for its ability to afford protection. Normally, merase in the telomere addition assay caps the end of when wild-type yeast receive a DSB by HO, a 5Ј to 3Ј the chromosome in a CDC13-dependent manner. single-strand degradation occurs on either side of the cut site (White and Haber, 1990 Figure 2B ). Howtested each of these genes using the telomere addition ever, when DNA proximal to the TG 1-3 /HO site (containing assay in cells held in M phase using nocodazole. No the telomeric seed sequence) was examined, no DNA addition was detected in strains deleted for EST1, EST2, degradation was observed ( Figure 2B ). Thus, the de or EST3 or in a strain containing the cdc13-2 allele (Fignovo TG 1-3 /HO end assumes a second property of native ure 3). Thus, each of the known gene products required telomeres; it protects the end from degradation.
for telomere maintenance in vivo is also required for In S. cerevisiae, the CDC13 gene product plays an telomere addition at the TG 1-3 /HO end. important role in the protection and maintenance of telomeric DNA. When a strain harboring the temperaRif2p Restricts Efficient Telomere Addition ture-sensitive cdc13-1 allele is shifted to nonpermissive onto the De Novo TG 1-3 /HO End temperature, cells accumulate with long tracts of singleIn some genetic backgrounds, such as strains with a rif2 mutation, native telomeres are very long. Rif2p interacts stranded DNA adjacent to telomeres, the result of a 5Ј with the telomeric DNA-binding protein Rap1p and is affect the synthesis of telomeric DNA. There are three essential DNA polymerases that have been described hypothesized to negatively regulate telomerase activity at the end of the chromosome (Wotton and Shore, 1997).
in yeast: ␣, ␦, and ⑀ (reviewed in Burgers, 1998 ). The precise role each polymerase plays in replicating the As an additional test that the TG 1-3 /HO end acted as a true telomere, we examined de novo telomere addition genome is not known, but it is hypothesized that DNA polymerase ␣ (Pol␣) in conjunction with DNA primase in a strain with a loss-of-function mutation in the RIF2 gene. When the telomere addition assay was performed initiates DNA synthesis on both the leading and lagging strand. After the synthesis of a short RNA-DNA primer on a rif2 strain, telomere addition occurred to a greater extent (longer tracts), more rapidly, and more efficiently ‫03ف(‬ nt), a polymerase switching mechanism occurs where Pol␣ may be replaced by either Pol␦ or Pol⑀, (note the relative lack of low-molecular-weight products at 240 min in rif2) than in wild-type cells ( tive alleles of CDC17 are grown at semipermissive temperature, telomeres become very long (Ͼ2 kb), and the frequency of recombination of telomere-proximal DNA is DNA Polymerases ␣ and ␦, but Not ⑀, Are Required for Telomere Addition In Vivo increased (Carson and Hartwell, 1985) . Because cdc17 cells spend a longer time in S phase and G2 than wildComplete telomeric DNA replication requires not only extension of the 3Ј end of the TG 1-3 strand by telomerase, type cells, it has been suggested that the crippled Pol␣ subunit causes a slowing of DNA replication, which gives but also synthesis of the C 1-3 A strand. C 1-3 A strand synthesis is proposed to be carried out by conventional telomerase more time to elongate telomeres (Adams and Holm, 1996). To test this hypothesis, cells containing the DNA lagging strand synthesis, though direct experimental support for this hypothesis has been difficult to obtain cdc17-2 allele were grown at permissive temperature (23ЊC), arrested in M phase with nocodazole, and the (reviewed in Price, 1997). The de novo TG 1-3 /HO end provides a unique opportunity to test the requirements telomere addition assay was initiated at semipermissive temperature (30ЊC). Surprisingly, the rate of telomere for individual DNA replication components in telomeric DNA replication. Because telomere addition occurs in addition was faster, and the final amount of sequence added to the end was greater than that observed in cells arrested in M phase, after normal chromosome replication is completed, conditional alleles of essential wild-type cells ( Figures 4A and 4B ). This suggested that the global lengthening of telomeres previously observed S phase genes can be tested to determine whether they (A) Wild-type (UCC5706), rif2 (UCC5824), and cdc17-2 (UCC5840) cells were arrested using nocodazole at 23ЊC (cdc17-2) or 30ЊC (wild type and rif2). Cells were held in nocodazole, shifted to 30ЊC (cdc17-2), and induced for HO expression. DNA was isolated, and a Southern blot was probed with the ADE2 probe. The kinetics of telomere addition were the same in wild-type cells that were either arrested and held at 30ЊC or arrested at 23ЊC and held at 30ЊC (data not shown). Two hours after the induction of the HO gene, 64% (wild type), 61% (rif2), and 45% (cdc17-2) cutting by HO was observed. (B) Graphical representation of sequence addition onto the TG 1-3 /HO end. Data were derived using the Southern blots presented in (A) by measuring the length of the uppermost part of the signal generated by the sequence addition by telomerase. in a cdc17-2 strain was not the result of a longer opportusubunit of Pol␦, cdc2-2, tested at nonpermissive temperature (38ЊC) in cells arrested in M phase, had greatly nity for telomerase extension, but rather a more direct involvement of Pol␣ in telomeric DNA replication.
reduced telomere addition activity compared to wildtype cells ( Figure 5D ). The faint signal of telomeric seTo determine further whether CDC17 was directly involved in telomere replication, the assay was repeated quence addition detected in cdc2-2 cells is likely due to the residual activity inherent in the cdc2-2 allele at at the nonpermissive temperature (37ЊC) for the cdc17-2 allele. As shown in Figure 5A , in the absence of Pol␣, no nonpermissive temperature (Conrad and Newlon, 1983; Budd and Campbell, 1993) . Thus, we propose that there telomere addition onto the TG 1-3 /HO end was detected. It was possible that telomerase elongation proceeded in is a requirement for Pol␦, but not Pol⑀, in the telomere addition assay. the absence of CDC17 and created a single-stranded tail of TG 1-3 that was not detectable in the nondenaturing Lastly, we determined whether DNA primase, which generates the RNA primer in replication and is typically agarose gels. Therefore, these same DNA samples were also electrophoresed on a denaturing polyacrylamide associated with Pol␣, was required for telomere addition. When a temperature-sensitive allele of the DNA gel, which would allow nucleotide resolution of the TG 1-3 / HO end. No TG 1-3 sequence addition was detected (Figprimase subunit, pri2-1 (Francesconi et al., 1991) , was tested at nonpermissive temperature, no telomere addiures 5B); thus, telomerase was unable to add nucleotides onto the 3Ј end in the absence of CDC17. These tion activity was detected ( Figure 5E ). Taken together, these data strongly suggest that extension of the TG 1-3 results indicate that Pol␣ is required for telomerasedependent addition in vivo.
strand by telomerase is closely coordinated with replication of the C 1-3 A strand and is dependent upon DNA We next determined whether the two other essential DNA polymerases were required for telomere addition.
primase and DNA polymerases ␣ and ␦.
In each of the assays with temperature-sensitive alWhen a temperature-sensitive allele of the catalytic subunit of Pol⑀, pol2-18, was tested in M phase, telomere leles, HO cutting was frequently less efficient when cells were incubated at elevated temperatures. However, addition was unaffected at the nonpermissive temperature ( Figure 5C ). As an independent test that pol2-18 even when cleavage was only 15% after 2 hr at 38ЊC (e.g., Figure 5D ), telomere addition was still readily deinactivation did not affect telomerase-mediated telomere addition, an asynchronous population of pol2-18 tected in wild-type cells, which attests to the robustness of this assay system. cells were shifted to nonpermissive temperature until Ͼ95% of cells were arrested in G2 (thus ensuring that pol2-18 was completely inactivated). When the telomere Discussion addition assay was performed on these arrested cells; sequence addition was still observed (data not shown).
In this study, we created a precisely defined de novo chromosome end that by multiple criteria was rapidly However, a temperature-sensitive allele of the catalytic and efficiently assembled into a legitimate telomere in of Est1p, Est3p, and Cdc13p in the EST phenotype. Rather than simply recruiting telomerase enzyme, these S. cerevisiae. Immediately after its creation, the de novo TG 1-3 /HO end was protected from degradation, and this gene products may recruit or modulate the activity of the lagging strand machinery. protection was dependent upon a known telomere-capping component, Cdc13p (Figure 2) . In cycling cells, the It is noteworthy that Pol⑀ was not required for telomere addition on the de novo end. This offers a clear opportu-TG 1-3 /HO end formed a new stable chromosome end that was a substrate for telomerase-dependent telomere nity to separate the functions of Pol⑀ from ␦ in vivo and separates Pol⑀ from playing a requisite role in lagging addition (Table 1) . When cells were arrested and held in M phase, we were able to easily monitor addition of strand synthesis, at least at telomeres. A similar distinction between Pol⑀ and Pol␦ is seen for in vitro replication telomeric DNA onto the newly created end (Figure 1) . Addition was not only dependent on the presence of of SV40 DNA; Pol⑀ is not required, while Pol␦ and Pol␣/ primase are needed (Waga and Stillman, 1994) . This the core telomerase components, but also the known gene products essential for the maintenance of telocontrasts with the absolute requirement of Pol⑀ in general DNA replication and in recombination pathways of meres in vivo (Figure 3) . We also found that two mutations with abnormally long telomeric DNA tracts (cdc17-2 DSB repair in S. cerevisiae (reviewed in Baker and Bell, 1998; Holmes and Haber, 1999). This difference sugat semipermissive temperature and rif2; Figure 4 ) had much greater rates of telomere elongation at the de gests that the telomere addition assay is not simply part of the DSB repair pathway but reflects normal telomeric novo end during M phase arrest than did wild-type cells. Because of all the shared characteristics between the DNA replication. Furthermore, we propose that the telomere addition assay provides a system for studying the de novo end and native telomeres, we propose that the results obtained with the de novo telomere assay reflect mechanism of DNA replication at a defined chromosomal locus and dissecting DNA polymerase activity the mechanism and requirements of normal telomere maintenance in vivo.
in vivo.
The Kinetics of Telomeric DNA Sequence Addition Regulation of Telomere Addition during the Cell Cycle
In the arrested cells, the rate of telomere addition at the de novo end was initially rapid but declined as the When cells were arrested in the cell cycle, telomere addition at the de novo end only occurred in M phase telomeric tract became longer ( Figure 4B ). This inverse correlation of telomere elongation rate with telomeric cells, even though telomerase activity, as measured by a standard in vitro method, was at equivalent levels in DNA tract length has also been observed in cycling cells after a telomere is truncated by recombination ( A simple model to explain the link between the lagging defined point in the cell cycle. In cdc17-2 cells incubated at semipermissive temperature and in rif2 cells, telomere strand polymerases and telomerase is that telomerase must directly interact with one or more members of the elongation at the de novo end occurred more rapidly and to a greater extent than in wild-type cells. Furtherlagging strand DNA synthesis machinery in order to be active in vivo (Price, 1997). If either Pol␣ or Pol␦ is absent, more, in rif2 cells telomere addition was exceptionally efficient. The latter example of rapid and efficient telothe complex cannot be assembled and telomerase is inactive. Thus, the recruitment of the lagging strand mamere addition is consistent with models in which Rif2p inhibits telomerase by preventing access to the end of chinery to the end of the chromosome may be just as important as recruiting telomerase for telomere maintethe chromosome. From genetic and biochemical evidence, it has been proposed that the terminal tract of nance. In this light, it is worth reexamining the function telomeric DNA is in a complex called the telosome, the component's removal, presumably by passage of a replication fork to the end of the chromosome, the sinwhich includes Rap1p (reviewed in Grunstein, 1998). In the telosome, the DNA is believed to loop back on itself, gle-stranded tail is created (Dionne and Wellinger, 1998). effectively sequestering the very end of the chromosome from enzymatic access by telomerase. Rif2p,
Why Is Telomerase-Mediated Extension Tightly which is part of the telosome through its interaction with
Coupled with C 1-3 A Strand Synthesis? Rap1p, is thought to facilitate the sequestration of the Without coupling the synthesis of the TG 1-3 and C 1-3 A end. This model is functionally analogous to t-loop forstrands at the telomere, telomerase would produce long mation of chromosome ends in mammalian cells, but it single-stranded regions of DNA at the ends of chromodoes not invoke DNA hybridization to maintain the loop somes, structures that are highly recombinogenic in (Griffith et al., 1999) . yeast (reviewed in Paques and Haber, 1999). In addition, The increased rate of telomere addition in cdc17-2 single-stranded DNA in the genome appears to act as cells is harder to explain without a clearer understanding a signal for DNA damage, which can cause a checkpoint of how the lagging strand complex, and this allele in arrest (reviewed in Weinert, 1998). Thus, long singleparticular, functions in collaboration with telomerase. stranded tracts of TG 1-3 may cause inappropriate arrest Nevertheless, we suggest that in the cdc17-2 strain with or a slowdown of cell cycle progression. In support of the long telomeres, synthesis of the C 1-3 A strand is partially idea that long telomeric tails lead to genomic instability, uncoupled from telomerase-mediated elongation of the cdc13 cells induce mitotic recombination preferentially TG 1-3 strand. For instance, primase may lay down the at telomere proximal loci (Carson and Hartwell, 1985) primer, but continued synthesis by Pol␣ may be slowed.
and lose chromosomes at a higher frequency (Hartwell Because Rap1p prefers to bind to double-stranded DNA and Smith, 1985). Therefore, we propose that coordinat-(Giraldo and Rhodes, 1994), we suggest that this partial ing production of the TG 1-3 and C 1-3 A strands at chromouncoupling will limit the rate at which the inhibitory bindsome ends is important for promoting genomic stability. ing of Rap1p can assemble onto the end. Telomerase continues to extend the TG 1-3 tract as the C 1-3 A strand Analysis of Nucleic Acids make UCC5693. UCC5692 and UCC5693 were mated to make the Methods for DNA preparation and analysis have been described diploid UCC5694. One copy of TLC1 in UCC5694 was disrupted previously (Hoffman and Winston, 1987; Gottschling et al., 1990 ). using pSD166 (Singer et al., 1998) cut with NotI/SalI to create DNA blot hybridization analyses and probe synthesis were carried UCC5695. UCC5696 was made by disrupting one copy of RAD52 out as previously described (Singer et al., 1998) . Alkaline gel electroin UCC5695 using pSD165 cut with NotI/SalI, and a 5-FOA resistant phoresis was performed as described (Maniatis et al., 1982) . Eleccolony of this strain was selected to make UCC5699. UCC5699 troblotting of DNA from denaturing polyacrylamide gels (5%) was was transformed with pSD120 (TLC1-URA3-CEN) to give UCC5701.
accomplished by using a HEV-1 semidry electroblotter (Owl Scien-UCC5701 was sporulated to give UCC5706, and a tlc1 segregant, tific). The ADE2 probe was made by PCR using the primers 5Ј ADE2, UCC5705, which contains the pSD120 covering plasmid. UCC5706 5Ј-ATTTACAGTTTTGATATCTTG GC-3Ј, and 3Ј ADE2, 5Ј-TTCTAAT was transformed with pSD190 to give UCC5842. UCC5809, GTAGATTCTTGTTGTTCG-3Ј. The distal probe was made by PCR UCC5811, UCC5825, and UCC5824 were created by transforming using the primers ADH4-HO 5Ј-GGAATTCTTATACTGTTGCGCG UCC5842 with pRS303-derived PCR products to disrupt EST1, AAGTAGTCCCATAAAACTACAGCCATCATCACAAACACTGC-3Ј, EST2, EST3, and RIF2, respectively (Brachmann et al., 1998) .
and NotI-ADH4 5Ј-ATAAGAATAGCGGCCGCTGTGTGGCTCATCA UCC5842 was transformed with pVL451 (gift of V. Lundblad) cut AAACTTCGTCTCGGG-3Ј. The template for the riboprobe used in with XhoI, pSD218 cut with PflMI, or pJH1151 (gift of J. Haber) cut
Figure 5B was made by PCR using the primers ADE-T7 5Ј-ATCGAT with HpaI to make UCC5836, UCC5838, and UCC5981, respectively; AATACGACTCACTATAGGGATTTACAGTTTTGATATCTTGGC-3Ј and a 5-FOA resistant colony that was unable to grow at 37ЊC and had 3Ј ADE2. For nuclease sensitivity experiments, yeast genomic DNA the expected terminal morphology as observed microscopically and was first digested with SpeI, and then the single-stranded primer the cell cycle profile as observed by FACS analysis (Paulovich and ssADE2-2 was added (5 ng) to each sample as a control for mung Hartwell, 1995) was purified from these strains to generate bean nuclease activity. Samples were incubated with either 5 U of UCC5818, UCC5840, and UCC5982, respectively. UCC5956 was mung bean nuclease or no enzyme for 30 min at 30ЊC in 1ϫ reaction created in multiple steps. UCC5842 was transformed with pVL437 buffer (Promega) and then phenol/chloroform extracted and ethanol (gift of V. Lundblad) cut with XhoI to create UCC5953. A 5-FOA precipitated. DNA was run on a 1.2% agarose gel and Southern resistant colony of this strain was isolated, which left the cdc13-2 blotted. The sequence of the primer ssADE2-2 is 5Ј-ACGTT allele in the genome to give UCC5956. UCC5898 was made by CTTCTCCTGGACAGAGATTTTGTGAAGGGCAAATCCTGCCCACT mating UCC5706 with h2c2b1 (a gift of L. Hartwell) to generate TTCTTTTGTAATAAATGTGAGGAAAAACGCCAAGATATCAAAACT UCC5886, which was then sporulated and screened for a segregant GTAAAT-3Ј. unable to grow at 37ЊC. UCC5921 was constructed by transforming UCC5898 with a PCR product to convert the cdc2-2 locus to CDC2.
Telomerase Assay UCC5965 was made by mating 6D-2A (a gift of H. Araki) to generate ␣ factor or nocodazole arrested cells (YKF103) were assayed for UCC5964, which was then sporulated and screened for a segregant telomerase activity using protein A-tagged Est2p as described unable to grow at 37ЊC.
(Friedman and Cech, 1999). A [ 32 P] end-labeled 100-mer was added after the completion of the telomerase reaction as a control for the efficiency of precipitation. To determine the relative activity of Viability Assay telomerase, the following calculations were performed. Products Strains were pregrown in complete media lacking lysine (2% gluwere resolved on a 12% PAGE-urea sequencing gel, visualized with cose) and diluted into YEP-2.5% raffinose for three or four generaa Molecular Dynamics PhosphorImager, and quantitated using NIH tions until the cells reached a concentration of 0.5-1 ϫ 10 7 cells/ Image software (v1.62). The amount of labeled products from the ml. Before the cells were centrifuged and resuspended into YEP-10 min time point was quantitated and normalized using the precipi-3% galactose to induce cutting with HO, 200 colony-forming units tation control. The amount of protein A-tagged Est2p present in the (cfu) were plated onto complete media and complete media lacking telomerase reaction (as determined by Western) was then used to lysine (both 2% glucose) to assess viability. The YEP-3% galactose calculate activity with respect to the amount of Est2p [(amount of cultures were then incubated for 4 hr, and 500 cfu (for TLC1 strains) products/amount precipitation control)/amount of Est2p)]. Lastly, or 50,000 cfu (for tlc1 strains) was plated onto complete synthetic the amount of activity found in M phase extracts was set to 1.0, media, media lacking lysine, and media containing ␣-aminoadipate and the amount of activity found in G1 extracts was calculated. 
